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In humans and horses, WNV infection is usually asymptomatic or characterized by a mild febrile illness. However, fatal meningoencephalitis or encephalitis does occur. 2 For horses, a fatality rate of ≥ 30% has been reported. [3] [4] [5] [6] [7] Since its introduction to North America (New York City) in August 1999, the geographic range of WNV has increased substantially in a south and west direction across the United States. 8 The number of reported horses with WNV disease dramatically increased in 2002, when 9,144 horses with WNV disease from 38 states were reported to the CDC. 8 Information from mosquito surveillance is important for designing WNV-disease prevention programs. mission cycle within wild bird reservoirs have not definitely been identified, agreement exists that the Culex genus is important 9, 10 for transmission to humans and horses. The occurrence of WNV disease in humans has been explained by changes in enzootic (bird-to-bird) and bridge (bird-to-human) vector feeding preferences, specifically those involving Culex pipiens in the northeast and north-central United States and Culex tarsalis in Colorado and California. 11 It appears that C pipiens and Culex salinarius might be important vectors of WNV in horse populations in parts of the United States, 12 although bridge vector species that transmit WNV from wild bird populations to horses remain unclear. 10 Environmental factors are likely to be important determinants of where WNV infections occur. In general, WNV transmission is likely to occur in areas that have abundant water (eg, near lakes and rivers) and during periods of higher temperatures (summer to early fall). However, there might be great variability in local environmental factors that determine the occurrence of WNV disease. 9 The link between the environment and WNV transmission suggests that the occurrence of WNV disease in horse populations should be highly clustered. Previous research has used geographic information-science technologies to investigate the spatial distribution of WNVpositive mosquito pools, locations of dead crows used within surveillance systems to detect the presence of WNV, and locations of humans with WNV disease. [13] [14] [15] [16] [17] There have been previous attempts to identify hyperendemic foci (hot spots) of WNV disease in horse populations. 5, [18] [19] [20] However, these studies have focused on small-scale WNV epidemics occurring over short periods.
Spatial analysis of WNV disease has been shown to aid in the spatial prediction of risk of infection. [19] [20] [21] If high-risk areas can be identified, then preventive measures, such as mosquito control, vaccination of susceptible horses, and education of owners, can be implemented to decrease the impact of this important disease. By use of reported WNV-disease data from 2002 to 2004, the aim of the study reported here was to determine whether hot spots of WNV disease exist within the horse population in Texas and, if detected, to identify the locations. For some affected horses, location information was qualitative (for example, distance and direction from the nearest town on a main road) but locations could be identified visually, and latitude and longitude could be estimated. Horses with WNV disease with reported addresses that consisted of post office boxes or rural route numbers and affected horses with missing street address information or nonspecific location directions were excluded from data analysis. Locations of horses with WNV disease were projected by use of the North American Datum of 1983.
Materials and Methods

Source data-Reports
The number of reported affected horses per Texas county was calculated by use of a spatial query.
c The WNV-disease attack rate for each county was calculated by dividing the number of affected horses reported from each county by the number of horses at risk (population) in each county 23 and was estimated as attack rate/1,000 horses at risk.
The mean center of reported horses (the location that represents the mean x-coordinate value and the mean y-coordinate value of all affected horses in Texas) was calculated for each study year.
c Directional ellipses (a measure of whether a spatial distribution of points has a directional trend) were also calculated for each study year by use of an output size of 1 SD. The procedures were repeated, weighting mean centers and directional ellipses by the date of onset (Julian day) for each affected horse so that horses reported later in each outbreak influenced the calculated means and directional ellipses more. The spatial patterns of affected horses reported in each year of the study were characterized by use of the Moran autocorrelation statistic, c weighted by the reported date of disease occurrence. The Moran spatial autocorrelation statistic is a measure of the degree to which a set of spatial features and their associated data values (date of disease onset) tend to occur together (positive spatial autocorrelation) or not (negative spatial autocorrelation). It is a measure of spatial structure with respect to some attribute (date of disease occurrence) of interest.
A directional statistic 24 was used to determine whether a systematic directional spread of outbreaks occurred within Texas during the study period. A chain of infection was constructed by first sequencing the outbreaks by date of occurrence (the primary outbreak first, followed by the second outbreak, etc). A line was then drawn to connect the location of the first outbreak to the location of the second outbreak, repeating this until all outbreaks were connected. The chain of infection had 2 ends (the first and last outbreaks) and branches when outbreaks occurred on the same date. Various possible chains of infection can be specified. In this study, the time-connection matrix was specified as adjacent, in which each outbreak connected only to its temporal nearest neighboring outbreak. The test statistic is a vector, the direction of which is the mean direction of the links making up the chain of infection, and the magnitude of which is the angular variance of the links. When the links all point in the same direction, the angular variance is small; when they point in many directions, the angular variance is large. The significance of the test statistic was estimated by use of Monte Carlo simulation.
f Geographic data were transformed for this analysis by use of the Universal Transverse Mecator system, projection zone 14. The Universal Transverse Mecator system is a projected coordinate system that divides the world into 60 north and south zones, 6 o wide. To identify specific hot spots of reported WNV disease in the 3 study years, data were analyzed by use of the space-time scan statistic.
g The scan statistic uses a window of variable size to scan data for clusters of disease instances or rates of disease occurrence and uses a likelihood ratio statistic to test whether such a cluster could be explained by chance. Data were edited, and the following text files were created b separately for each year of the study: case files (horse identification number, date of onset, and number of affected horses), population files (identification number, year, and population per county), and coordinate files (identification number, latitude, and longitude). Study period was defined as having a start date of year (2002, 2003, or 2004) , month (01), and day (01) and an end date of year (2002, 2003, or 2004) , month (12) , and day (31). Data were scanned for time-space clusters by use of a Poisson (population-at-risk model) with a scanning window of ≤ 30 days in length and ≤ 100 km in area. The population at risk was assumed to be the estimated county horse population. 23 Data were only scanned for clusters with no geographic overlap. Each cluster was described by a center (latitude and longitude coordinates) and a radius. Center and radius information was imported into a geographic information system, and overlay analysis was used c to identify Texas counties included within clusters identified in all 3 study years. These counties are referred to as hot-spot counties.
To observe WNV-disease risk and to validate counties identified as hot-spot counties, kriging was performed on the county WNV-disease attack-rate data. Kriging is an interpolation technique in which the surrounding measured values are weighted to derive a predicted value for an unmeasured location. 25 Weights are based on the distance between the measured point, prediction locations, and overall spatial arrangement among the measured points. Kriging is unique among the interpolation methods in that it provides an easy method for characterizing the variance, or precision, of predictions. Kriging is based on regionalized variable theory, which assumes that the spatial variation in data being modeled is homogeneous across the surface. That is, the same pattern of variation can be observed at all locations on the surface. However, use of disease rates or proportions calculated for areas in which the population at risk or sampled varies substantially can introduce bias in estimated disease risk. 25 For example, the horse population at risk in Texas counties varies from < 50 to approximately 10,000. In these circumstances, smoothing disease rates or proportions prior to interpolation can produce more robust and valid risk maps.
A spatial weight set of Texas counties was created. 23 Polygon adjacency was defined by use of a queen neighbor criterion (ie, areas that share the edge to the immediate left, right, up, and down as well as diagonal edges) and the 10 nearest neighboring counties. The spatial weight for each county was standardized by the number of nearest neighbors. Crude equine county WNV-disease attack rates were smoothed with an empirical Bayes smoothing algorithm h by use of the defined spatial weights and the estimated population at risk in each county.
The centroid of each Texas county was identified.
c By use of Texas county centroids to define spatial location, the semivariance between and smoothed county attack rates for all possible pairs of counties for each study year was calculated, and a semivariogram was constructed with 10 lags of 25 km. i For each study year, models (Gaussian, spherical, exponential, and power) were fit to the semivariogram, and range, sill, and nugget variables were estimated. Estimated variables were used to fit ordinary kriging models' year-specific smoothed attack-rate data sets to produce maps of interpolated WNV-disease attack rates.
c Raster outputs for each study year were layered c with shape files of hot-spot counties to assess qualitatively the validity of the hot-spot locations identified. (Figure 3) .
Results
During
For each study year, a comparison of estimated In 2003, these hot spots bordered areas of high-interpolated WNV-disease attack rates. During the 3-year period, the northwestern hot spot appeared to become weaker, whereas the eastern hot spot apparently became stronger, relative to the overall attack rates estimated for Texas in each study year. 
Discussion
Two hot spots of WNV disease in horses in Texas
-Estimated crude WNV attack rates (reported horses/,000 horses at risk) in Texas counties in 2002
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were identified with the scan statistic and were corroborated by disease risk maps. Although reports of WNV disease in horses have shifted away from northwestern Texas in 2003 and 2004, a hot spot location identified by the scan statistic persisted in this region throughout the study period. The 6 counties included in this hot spot contain an estimated horse population of only 3,130, 23 or 522 horses/county, which is considerably less than the mean county population of horses in Texas (1,466 horses) . Further study of this hot spot could reveal much about the epidemiologic characteristics of WNV in horse populations. Possible explanations for the persistence of this hot spot might include specific environmental habitats ideal for the mosquitoes that spread WNV, the presence of highly efficient vectors of WNV, or a local concentration of a population of highly susceptible horses (eg, farms with inadequate vaccination or management practices).
The other hot spot identified in eastern Texas could be explained by the shifting location of horses reported with WNV disease in Texas, a higher population at risk (a mean population of 2,111 horses/county) and therefore reporting bias, and suitable environmental factors that favor the vectors of WNV. In 2005, 61 horses with WNV disease were reported in Texas, 26 of which only 1 affected horse was reported from the northwestern hot spot identified in this study. However in 2006, 111 horses with WNV disease were reported, of which 10 (9%) affected horses were reported from the eastern hot spot identified in this study. Based on the population at risk in this eastern hot spot (8,445 horses) and the total estimated number of horses in Texas (372,341 horses), we would only have expected 2.5 affected horses to be reported from this hot spot, if disease was evenly distributed in Texas. Thus, the eastern hot spot identified might represent a permanent area of high risk for WNV disease. It is of interest that this hot spot, as determined from maps of smoothed county attack rates, apparently became more pronounced during the period Although the overall distributions of the 2002, 2003, and 2004 epidemics moved in a southeasterly direction across Texas, the directionality of each of the epidemics tended to be south to north; earlier in the season, affected horses were often reported from southern districts, and later in the season, affected horses were more often reported from northern districts. The most likely explanation of this pattern is a climatedriven process, specifically temperature. The activity of mosquitoes is known to be temperature dependent, and temperature-dependent models have been developed in an attempt to explain the spread of WNV disease within districts. 21 It is biologically plausible that districts at lower latitudes would have a greater WNV-disease risk earlier in the season than districts at more northern latitudes. Although this pattern was observed in the data, the general direction of the occurrence of horses with WNV disease reveals variability. At a local scale, many other factors may be important in determining when disease risk is greatest.
The present study included reports of horses with WNV disease from 2002, 2003, and 2004 . Inclusion of a longer period (eg, 2002 to 2006) might have provided some additional information on the pattern of reported horses with WNV disease in Texas. However, reporting bias is likely to have become an increasingly important issue in studies with data from latter years, as WNV became endemic in Texas. In 2005 and 2006, only 61 and 111 horses with WNV disease were reported, respectively. As horse owners learn to live with the disease, information from passive surveillance systems will have less use for research into the spatial distribution of, and risk factors for, WNV-disease occurrence.
In conclusion, hot spots of WNV disease developed within the horse population in Texas during the period of 2002 to 2004. The hot spot identified in the northwest area of the state might have been an anomaly related to introduction of WNV to Texas in 2002, but the hot spot identified in southeastern Texas appears more persistent. Determining factors associated with the hot spots could help in the development of more effective disease control strategies, and locating specific hot spots could allow targeted disease prevention strategies to be implemented. 
